Adsorption of O 2 molecule on Al surface has been a long standing puzzle for the first principles calculation. We have studied the adsorption of O 2 molecule on the Al(111) surface using hybrid functionals. In contrast to the previous LDA/GGA, the present calculations with hybrid functionals successfully predict that O 2 molecule can be absorbed on the Al (111) 
I. INTRODUCTION
The adsorption and dissociation of oxygen molecule on metal surfaces is a phenomenon of large relevance to materials processing such as catalysis and corrosion 1 . Because of the absence of d-electrons and simple geometric structure, the O 2 /Al(111) system is considerably simpler than transition metals and thus generally proposed as a prototype system for oxidation. In order to gain some insights into the microscopic mechanism of the oxidation of Al(111) surface, extensive experimental 2-6 and theoretical [7] [8] [9] [10] [12] [13] [14] [15] [16] studies had been done during the past several decades.
However, even for such a simple O 2 /Al(111) system, dramatic disagreement lies between experiments and up-to-date theoretical results based on the density functional theory (DFT)
calculations. Experimentally, independent molecule beam scattering experiments had consistently shown 2,3 that the initial sticking probability of oxygen molecule on Al(111) surface, defined as the ratio of sticking events to the total number of molecule-surface collisions, is small ( 10 −2 ) at low incident translation energy, which indicates a barrier around 0.3 eV along the adsorption trajectory. On the other hand, according to the adiabatic potential energy surface (PES) obtained from the DFT calculations [7] [8] [9] [10] , the adsorption of oxygen molecule on the Al(111) surface is exothermic and no sizable barriers was found.
It seems to be widely established that the failure of DFT to reproduce the experimental results is due to the adiabatic approximation, which plays a fundamental role in the frame of DFT. From this point of view, during the initial adsorption the charge transfer from the Al(111) surface to O 2 molecule would be forbidden by Wigner's spin-selection rules 11 , and as a result the O 2 /Al(111) system is confined to some kind of excited states, the description of which is beyond the scope of the DFT. Many models designed to account for the nonadiabatic effects had been proposed and barriers can indeed be produced along the initial adsorption trajectories [12] [13] [14] [15] [16] . To invoke all these methods, one has to abandon the single PES picture and to at least partially abandon the DFT, the cost of which is thus not very satisfactory and has been under debate 17, 18 .
The other possible reason for the lack of barriers in the previous DFT calculations, which appears to be overlooked, is that the accuracy of the exchange-correlation (XC) functionals used before are not good enough to correctly describe the O 2 /Al(111) system. Although DFT methods have impressively proven their computational relevance during the last decades and won great success in the description of various systems, the frequently used localdensity approximation (LDA) and gradient-corrected approximation (GGA) functionals have several severe shortcomings [19] [20] [21] . For example, the calculated formation energy and reaction energy between small molecules exhibit significant deviations from experimental results.
Considering the structures, the LDA tends to underestimate the bond length while the GGA often yields a too large value. Moreover, LDA and GGA always severely underestimate the band gap for insulators and semiconductors. The HOMO-LUMO gap for small molecules may also be underestimated in these functionals. For the reaction between oxygen molecule and aluminum clusters, it has been shown 22, 23 recently that the presently widely used GGA functionals are not adequacy enough. It has also been shown that for the O 2 /Al − 13 case, the situation can be improved by using hybrid density functionals 22 .
In hybrid functionals the local-or semi-local (gradient-corrected) functional is modified with experiments compared to LDA and GGA, and even the prediction of the band gap and band structure can also be improved [24] [25] [26] .
In this paper, the initial adsorption of oxygen molecule on Al (111) The adsorption energy is defined as:
where E denotes the total energy obtained by the DFT.
It turns out that in the PBE calculation the adsorption energy decreases monotonically along the reaction coordinate for both trajectories, which indicates a non-activated reaction process. On the other hand, both hybrid calculations produce barriers around 0.2∼0.4 eV along two trajectories, which are consistent with experimental results 2,3 .
We do the Bader charge population analysis 36-38 along the two trajectories by the three functionals and the results along the bridge adsorption path is plotted in Figure 4 , the charge along the top adsorption path is qualitatively the same. It can be clearly seen from this figure that the charge is transferred from the Al(111) surface to the molecule, which is qualitatively consistent with previous findings 8 . Moreover, at large distance (the height > 2.4 Å) PBE predicts more charge transfer than that of the hybrid functionals. This difference of charge transfer between the PBE and hybrid functionals could account for the different predictions of the adsorption energies and thus the existence of barriers, similar to the O 2 /Al
In order to understand why the hybrid functional can predict a adsorption barrier, We calculate the LUMO of free oxygen molecule and the Fermi level E F of the clean Al (111) surface by different functionals and the results are illustrated in Figure 5 . In order to compare the energy levels from different systems, the presented values of the energy levels are relative to the energy levels of vacuum. It can be seen from Figure 5 that the Fermi level of the clean Al(111) surface is nearly the same by the three different functionals. The LUMO of oxygen molecule lies below the E F of the Al(111) surface by the PBE functional, allowing a spontaneous charge transfer to the LUMO of the molecule when it approaches the surface.
Since the LUMO is an anti-bonding orbital, the filling of such orbital drives the dissociation of O 2 . In contrast with the result of the PBE, the LUMO of oxygen molecule is above the E F of Al(111) surface when using hybrid functionals, which gives rise to a barrier in charge transfer to the LUMO of O 2 molecule and leads to the activated adsorption process.
Thus the results in Figure 5 are consistent with that in Figure 4 and finally lead to the different predictions of the adsorption paths in Figure 3 by the three functionals. It would be interesting to note that for the CO/P t(111) system, the position of the energy level of the LUMO of the CO molecule was reported to play an key role in the prediction of the preference adsorption site 35 .
In conclusion, we have presented DFT total-energy calculations for the adsorption of the oxygen molecule on the Al(111) surface using different exchange-correlation functionals. In contrast to semi-local functional, hybrid functionals predict a barrier for the adsorption of The calculations were performed in the Supercomputer Center of Shanghai, the Supercomputer Center of Fudan University. It can be clearly seen that the charge is transferred from the Al(111) surface to the molecule.
Moreover, at large distance (> 2.4 Å), PBE predicts more charge transfer than that of hybrid functionals. The E F of the clean Al(111) surface is nearly the same by three different functionals. The LUMO of oxygen molecule lies below the E F of the Al(111) surface by the PBE functional. In contrast with the result of the PBE, the LUMO of the oxygen molecule is above the E F of the Al (111) surface when using the HSE06 and the PBE0 functional.
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